A 3D head and face scan data can be usefully applied in the ergonomic design of a wearable product such as an oxygen mask or a virtual reality (VR) headset to support the safety as well as comfort for a certain amount of a target population. This study is aimed to develop analysis and design methods of an ergonomic facial wearable products (e.g., pilot oxygen mask, VR headsets) based on numerous 3D face scan data (366 faces and 2,299 heads) through the template registration and the finite element (FE) analysis methods to predict the contact pressure between the face and a product. The application of the FE analysis on numerous 3D images to find an optimal form of a product is a novel approach in product design. The proposed methods on contact pressure analysis could be usefully applied for wearable products, which fit body parts.
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Introduction
Technologies of 3D human body scanning and analysis have been emerged during the last decade and usefully applied in the ergonomic product design as well as orthopedics, plastic surgery, healthcare, fashion, film making, game, and so forth. A 3D scan image of a human can provide various useful information for product design including anthropometric body dimensions (e.g., length, width, circumference, and any other point-to-point or surface lengths) and body shape information (e.g., arc, cross-sectional curvature, surface, area, and volume). A product designed based on those 3D anthropometric and shape information could be resulted in gaining a higher satisfaction in terms of fit, comfort, safety, and usability. Particularly, a facial wearable product such as masks (e.g., medical mask, dust-proof mask, gas mask, protective mask, sports mask) and goggles (e.g., protective goggle, sports goggle, virtual reality headset) needs to have an ergonomically designed form that can fit well to the faces of a target user population.
An optimal shape of a facial product design can be found by analyzing facial anthropometric and shape characteristics as well as the contact pressure between the product and the face. Lee et al. [1, 2] proposed a method of computer-based analysis of the fit between the faces (n = 336) and a pilot oxygen mask for Korean Air Force pilots to find the best form of the oxygen mask, which fits the high amount of Korean pilots. In their follow-up study, the finite element (FE) analysis technique was applied to estimate the contact pressure between the faces and the pilot oxygen mask in order to derive an optimal shape of the oxygen mask that shows a better fit to Korean pilots compared to the previous design [3] . The FE-based facial contact pressure analysis has been introduced by previous studies [4] [5] [6] . While the previous studies used only a few head models (say, less than five) for the pressure estimation of a mask product, this study had been tried to use hundreds and thousands of heads to calculate the contact pressure characteristics of a population that includes people showing different sizes and shapes of the head.
This study is aimed to introduce a method and a case study of an ergonomic wearable product design based on numerous 3D body scan database and FE analysis technology. The faces of Korean Air Force pilots (n = 336) and the heads of Americans (n = 2,299) were used to analyze the contact pressure of the pilot oxygen mask and virtual reality (VR) headsets.
Methods

3D Face Scans
3D face scan images of Korean Air Force pilots (male: 278, female: 58; age: 20s to 40s) collected by Lee et al. [7] and 3D head images of Americans (male: 1,086, female: 1,213; age: 10s to 60s; Caucasian: 1,818, African American: 258, Asian: 173, Hispanic: 50) derived from Civilian American and European Surface Anthropometry Resource (CAESAR) database [8] were used in this study.
The post-processing process including editing, landmarking, and alignment of 3D models was applied on 3D face images. 14 and 26 anthropometric landmarks were respectively identified to the 3D pilots' face and the American heads. All the faces and heads were aligned in the 3D coordinates with the origin point at the sellion landmark and two vectors (one vertical vector parallel to the Y-axis and passing through sellion and supramentale and one horizontal vector parallel to the X-axis and passing through left and right tragion) [2] .
A template face and head models sophisticatedly edited to have well-distributed meshes with an appropriate number of vertex were prepared with consideration of its applicability in the FE analysis, then the face and head templates were registered to each of the 3D faces and heads, respectively. Template registration, one of a well-used method in the computer graphics, was used in this study to makes different 3D scans having the same vertex points and mesh structure through the following procedure. First, symmetrized template models (face model: 1,340 vertex points and 2,624 meshes; head model: 2,787 vertex points and 5,532 meshes) were sophisticatedly generated by hand (see Fig. 1 ) using the RapidForm 2006 (INUS Technology, Inc., Korea) image processing software. Second, template model registration was conducted by applying a hybrid approach proposed by Lee et al. [3, 9] , which used the bounded biharmonic weights (BBW) mesh deformational algorithm [10] and the non-rigid iterative closest point (ICP) registration technique [11] in this study. The BBW were used to roughly change the size of the template model by matching its landmark locations to a target image's landmark locations. In the BBW method, weight values are assigned to each vertex point of the template by considering distances between a vertex point and a landmark location. When the landmarks of the template model are relocated to positions of the corresponding landmarks of a target image through the BBW deformation, all vertex points around each landmark of the template model are also relocated to be designated locations by referring to the weight values of each vertex point. After the BBW deformation was done, the non-rigid ICP registration was applied to register the surface of the BBW-deformed template to the surface of the target image. Figure 2 illustrates the non-rigid ICP registration of the template model to different target images.
The application of the template registration resulted in the same number of vertex points and a consistent structure of mesh [12] [13] [14] across all the 3D images in the database. As the hybrid registration approach that considers the landmark locations derives the same mesh topology across all the template-registered faces or heads, our method could provide consistency between template-registered images (Fig. 3) . The BBW deformation and non-rigid ICP registration were conducted using the Matlab (MathWorks, Inc., Natick, MA, USA) programming language. 
Facial Wearable Products
By 3D scanning of a product, a curvy shape that is contacting to a facial area was saved as a spline curvature. A facial wearable product was 3D scanned using Artec Eva 3D scanner (Artec Group, Inc., Luxembourg). Then, based on the scanned image, the curve of the edge contacting to the face was drawn as the spline curvature as shown in Fig. 4 . The pilot oxygen mask and three different VR headsets were used in this study.
Contact Pressure Estimation
When the prepared spline curvature is positioned on a template-registered face, the contact pressure of the curvature towards a 3D face was calculated using finite element analysis [15] . In this work, we applied triangular shell elements for the 3D facial modeling based on the 3D scanned image data as shown in Fig. 1 . The face model consists of 2,624 elements (the element in FE is the same concept to the mesh) and 1,340 nodes (the node in FE is the same concept to the vertex) and the head model consists of 5,532 elements and 2,787 nodes. Since the contact pressure estimation of the facial skin with small deformation was mainly focused on, the simple linear elastic material properties were applied on the nodes except some fixed nodes which are unmovable. For static analysis, the following equation was used. where, K is a global stiffness matrix, u is a displacement vector for all nodes, and f is a force vector (unit: N) for all nodes, respectively. The Young's elastic modulus (E), Poisson ratio (v), and the thickness of the triangular shell, which are necessary for the calculation of the K are defined as 0.03, 0.5, and 2 mm, representatively, by referring to previous studies [16] [17] [18] [19] [20] [21] . The displacement vector u was derived as the Euclidean distance between the curvature and each node. In this study, only z-translation out of u vectors at each nodal coordinate was simply considered with the stiffness matrix K to compute forces, which horizontally affects toward the face. By solving Eq. (1), the contact pressure f was calculated. The contact pressure is calculated as the force exerted on a surface divided by the area (mm 2 ) over where the force is applied (Eq. 2). Figure 5 illustrates the estimated contact pressure with intensity level by the red color. The pressure calculation process was implemented in the Matlab environment.
where, P is a contact pressure vector for all nodes, f is a force vector (unit: N) for all nodes, and A is an area vector (unit: mm 2 ) for all nodes, respectively. The contact pressure value at a single node could be derived by dividing the applied force at the node by the sum of areas of meshes that include the node (Eq. 3).
where, A i is an area for a node i, N j1 is the node i of a mesh j, N j2 and N j3 is the remaining two other nodes of a mesh j, and n is the total number of meshes which include a node i. The sum of areas of each mesh is divided by 3 due to only one node (node i) out of three nodes in a mesh is used to calculate the contact pressure for the node i (P i ).
Results
The average, min, max, and variation of the predicted facial contact pressure of the pilot oxygen mask for all the template-registered faces were analyzed. The mean contact pressure was 0.001 to 0.092 MPa (average ± SD = 0.010 ± 0.014 MPa) by face area for an oxygen mask design (Fig. 6 ). While the highest contact pressure was applied at nasal side area (maximum 0.09 MPa), the lowest contact pressure was shown at chin area (around 0.01 MPa on average). For the VR headsets, the contact pressure showed differently by design of headsets under similar fitting condition (slightly fit each headset's spline curvature at the forehead and nose, then push it 10 mm toward the face). The contact pressure around the nose area shows higher than other contact areas, but the level of pressure is different. The VR headset 1, 2, and 3 showed a maximum of 0.05, 0.07, and 0.11 MPa at nose area, respectively (Fig. 7) .
(a) Face without contacting to the mask curvature: no pressure.
(b) Face with partially contacting mask (c) Face with fully contacting mask 
Discussion
This study introduces a novel product design approach using template model registration and FE analysis methods based on 3D body scan database. As our previous research, the virtual fit analysis method [1, 2, 22] was proposed, which assessed the fit of an oxygen mask design (which was defined as spline curvature, either) onto 3D human faces by calculating Euclidean distances between the mask and facial surface. In the virtual fit analysis method, any material properties of both the face and mask were not considered; however, the prototype of the new oxygen mask designed based on the virtual fit analysis showed good fit and comfort compared to the existing one [23] . That was because not only a few facial dimensions but also the numerous facial shapes could be considered when the new design was found. In addition, by applying the template registration and FE analysis techniques with the virtual fitting method, the contact pressure characteristics could be considered in product design.
Compare to the previous FE-based studies, this study used simplified FE approach for quick analysis of the contact pressure between hundreds or thousands of 3D human scan images and several different product designs. Making a more realistic FE model made using an FE analysis software is time-consuming and not easy to be applied to hundreds of 3D scan images due to a complex manual procedure. So that only a few body images were used in previous studies. Instead of using an FE software, this study used Matlab-programmed a simple FE model that is using the triangular shell. Consequently, the FE model using the triangular shell can be directly applied to mesh structures of the 3D scan data. Therefore, our FE approach does not require any manual works, but the computer automatically calculates the FE process and the analysis of contact pressure. By this approach, the complex FE analysis method could be conducted in reasonably short computation time (say, less than a minute per 3D scan) to calculate all the numerous 3D scan data.
The template registration method was used in order to make all 3D scan images having the same number of vertex points and the same mesh structure. A hybrid template registration method consisting of the BBW and non-rigid ICP algorithms was applied in this study. In the proposed hybrid approach, the template model is first roughly matched to a target model based on the location of landmarks using the BBW algorithm; then, the registration is conducted. Through the hybrid approach, the structure of meshes surrounding each landmark shows high consistency across all template-registered face/head models.
There are some limitations in the proposed FE approach, which need to be further studied to make the model more accurate and valid in terms of the prediction of the contact pressure. While the conventional FE analysis uses a force vector (f) to calculate a displacement vector (u) and other relevant outcomes such as stress and strain; contrariwise, this study used the displacement vector to calculate the force vector and contact pressure. The displacement in this study means a pushed-in distance of the skin surface caused by the positioning of the spline curvature toward the face. But, the position of the spline curvature was somewhat artificial and might not be very realistic, although the resulted contact pressure values were quite reasonable compare to the previous study [23, 24] . The more realistic way of fitting the spline curvature to the faces needs to be studied. A method of analysis of the contact pressure by different facial areas also needs to be studied. In addition, differentiation of Young's modulus and Poisson ratio values for different facial areas are also considered. An empirical approach might be required to validate the FE model. Nevertheless, the current FEbased method needs to be further improved to be more realistic and robust, the proposed approach could be usefully applied for analysis and design of wearable products that fit the human body.
